Ferritin has a protein shell of 5 x 106 Da consisting of 24 subunits of two types, a heavier (H) chain of 21,000 Da and a lighter (L) chain of 19,000 Da. A cDNA clone of the messenger for the L subunit has been isolated from a human monocyte-like leukemia cell line. The clone contains an open reading frame of 522 nucleotides coding for an amino acid sequence matching 97% of the published sequence of human liver ferritin L subunit determined by sequenator, but it corresponds to only 55% of the reported amino acid sequence of a human liver H-subunit clone. Nevertheless, computer analysis of the subunit conformations predicted from the open reading frames of the L and H clones shows that most of the amino acid differences are conservative and would allow both subunits to form the five a-helices and 13-turns established by x-ray crystallography for horse spleen ferritin subunits. This suggests that L and H subunits are structurally interchangeable in forming an apoferritin shell. The 5' untranslated region of our human ferritin L clone has considerable homology with that of the rat liver ferritin L clone in the region immediately upstream from the initiator codon, notably showing an identical sequence of 10 nucleotides at the same position in both subunit clones that may participate in regulating the known activation of ferritin mRNA after iron administration. Extensive homology, including several blocks of nucleotides, was identified between the 3' untranslated regions ofthe human and rat L clones. The common structural features of the H and L subunits lead us to conclude that they have diverged from a single ancestral gene.
Ferritin, an iron-storage protein found in bacteria, molds, plants, and animals (1), consists of a protein shell with channels through which ferrous iron enters the cavity and is stored after oxidation to ferric iron. The protein shell is -5 x 10' Da and consists of 24 subunits of two species, one of 19,000 Da (light, L subunit) and the other of 21,000 Da (heavy, H subunit). In individual cells, the ferritin shell contains the two subunits in a range of proportions (isoferritins) that varies from tissue to tissue and with iron load (2) . The amino acid sequences of the L subunit of human liver (3) and spleen (4) and of horse spleen and liver (5) have been obtained by direct protein sequencing, while those of the L subunit of rat liver (6) and the H subunit of human liver (7) have been deduced from cDNA preparations. Here, we describe the structure of a clone isolated from a human monocyte-like leukemic cell line encoding the L subunit of human ferritin.
There are several biological reasons for acquiring more detailed knowledge of the structural features of the ferritin genome in several species. First, translation of ferritin mRNA appears to be regulated in rat liver (8) and in bullfrog erythrocytes (9) by a mechanism in which ferritin messenger present in the cytoplasm in latent form is activated by iron to synthesize ferritin subunits. Sequences of ferritin mRNAs conserved during evolution may throw light on structural features of the message responsive to iron regulation. Second, the L subunit of horse spleen ferritin contains five helices with intervening loops. It would be important to determine whether these structural features are retained in the ferritins of other species and also whether the H subunit maintains the same general structure as the L subunit through conservative substitutions at the numerous amino acid sites where L and H ferritin subunits differ. Such a structural concordance might allow the two subunit species to be interchangeable in apoferritin construction. Finally, ferritin appears to influence a number of functions of the leukocytes (10) (11) (12) (13) . Ferritin can inhibit the in vitro action of mitogens on lymphocytes (10) and rosette formation by erythrocytes in the presence of lymphocytes (11) , and it may account for the impaired cell-mediated immunity of uremic patients with increased serum ferritin levels (12) . It has also been suggested (13) that a glycosylated acidic ferritin may be involved in regulating leukocyte production.
MATERIALS AND METHODS
Isolation and Sequencing of a Ferritin L Subunit cDNA Clone. A cDNA library was constructed from the polyadenylylated messenger RNA extracted from the human monocytelike leukemia cell line U937, and it was screened by using a rat liver cDNA clone for ferritin L message (6) to select human clones homologous to the rat L message (14) . The rat ferritin cDNA clone was labeled with 32P by nick-translation (1.5-2.0 x 108 cpm per ,ug of DNA) and hybridized at 40°C overnight with 50% formamide buffer in salt. The filters used for this hybridization were then washed three times for 20 min with 2x NaCICit/0.1% NaDodSO4 (1x NaCl/Cit = 0.15 M NaCl/0.015 M Na citrate) at room temperature, followed by two washes for 20 min at 400C with 0.1x NaCI/Cit/0.1% NaDodSO4. Among three recombinants selected for further characterization by restriction digestion and Southern blotting (15), the longest (p680.8) was sequenced by a combination of the Sanger dideoxy procedure using bacteriophage M13mp8 and M13mp9 (16, 17) and the chemical method of Maxam and Gilbert (18) .
mRNA Isolation and RNA Blotting. To obtain the authentic size of the mRNA for human ferritin, samples of total mRNA were extracted from the monocyte-like cell line U937 and Abbreviations: L subunit, ferritin light subunit; H subunit, ferritin heavy subunit; kb, kilobases; bp, base pairs.
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also from a human promyelocyte leukemia cell line HL-60.
presume that the 1.1-kb band is the authentic message and RNA from 108-109 cells from each culture was prepared by that the cloned cDNA from 721 nucleotides from U937 is an the guanidium thiocyanate procedure (19) and passed through incomplete representation of the L message. The putative a column for isolation of polyadenylylated RNA (20 (22) , the first seven U937 and the largest clone (p680.8) was sequenced (Fig. 1) .
nucleotides upstream from an initiator ATG are most comThe cloned DNA consisted of 723 nucleotides, including a monly A-N-C/U-C-A-C/A-C- [ATG] , where N denotes any complete reading frame of 522 nucleotides that was 85% base and C/U and C/A are alternative nucleotides of about homologous to the rat L-subunit clone (6) . In addition, 80 and equal frequency. By these criteria, the sequence upstream 115 nucleotides, respectively, were present in the 5' and 3' from the ATG triplet at base-pair (bp) 80 (A-C-C-A-A-C-Cuntranslated regions.
[ATG]) deviates from the consensus sequence by only one RNA blot analysis of the poly(A).RNA from two human base (italicized) whereas the sequence preceding the ATG cell lines (U937 and HL-6) was probed with the cDNA from beginning at bp 36 
(A-T-A-T-G-C-C-[ATG]) deviates at three
p680.8 to obtain the length of the human L-subunit mRNA.
positions, and the sequences upstream from the ATG triplets A ml caat bp 12, 15, and 31 differ extensively from the consensus Amajor homologous speciestofd .1 kilobasesl(kb) and a cmnor sequence. The same conclusions were drawn by using the band of 2.6 kb were detected in the poly(A)+ RNA from each more recent consensus sequence of Kozak (23) . Thus, the cell line (not shown). Since RNA blot analysis of rat liver ATG beginning at bp 80 is the best candidate to be the L-subunit messenger also gave a value of 1.1 kb (21), we authentic initiation site and also has the merit of providing a reading frame consistent with the directly determined amino for the first 40 bp in the sequence (23%), whereas the 40 bp
immediately upstream from the initiation site display 60% (Fig. 2a) . In consequence, the first 12 nucleotides of the
reading frame of the H subunit were included in the com-TCATCCCCTGGGTTCTGCCCCCACGGACCCCCATCTCTGTGACTTCCTGGAGACTCACTT  430  440  450  460  470  480 parison with the 5' untranslated region of the L clone. This yielded a low degree of homology (28%) even in the area (T-T-A-G) at bp 54-58, which coincide with the central portion of the suggested regulatory decamer identified in the
human and ratL messenger5' sequences (Fig. 2a) (24) , followed by identification of homologous sequences. cDNA clone p680.8 prepared from the monocyte-like leukemia cell Regions of extensive homology were identified between the U937. Open reading frame is inserted above the codons as singlehuman L subunit and the rat L subunit (Fig. 2b) Overall, the rat and human L subunits were 50% homologous. In contrast, the 3' untranslated sequence of the H subunit messenger (7) showed little homology with either the rat or human L subunit mRNAs and is therefore not shown in Fig. 2b .
The Sequence of the Open Reading Frame. When the protein sequence derived from p680.8 is compared to other ferritins (Fig. 3) , the family is seen to be well conserved; human liver L-subunit sequence, determined by sequenator (3), differs in only four amino acid residues, and L subunits from other tissues and species are at least 85% homologous. In contrast, human liver H ferritin is <55% homologous to the L ferritins. This sequence conservation allows us to examine sequences for likely structural features, and to compare these with the three-dimensional structure of horse spleen ferritin determined by x-ray crystallography (26) . The protein sequences of human L and H subunits and of horse spleen ferritin were analyzed using four different criteria: (i) the relatedness odds matrix MDM78 of Dayhoff (27) (3) , human spleen L subunit (4) , horse spleen L subunit (5), human liver H subunit (7), and rat liver L subunit (6) . Only amino acids differing from the sequence of clone p680.8 are identified in the other sequences. Near the COOH terminus of the rat subunit, there is an insertion of eight amino acids, after which the terminal sequence common to the L subunits of other species is resumed. Note also that the amino acids at residues 120 and 121 of the rat L chain have been corrected on resequencing from glutamine (Q) and alanine (A) as published (6) to arginine (R) and threonine (T). Boyd et al. (25) have recently reported the sequence of the last 55 amino acids of the human H subunit based on a lymphocyte cDNA clone. The sequence of Costanzo et al. (7) for the human liver H subunit shown in the figure above differs from that of the lymphocyte from amino residue 171 onward, because of a frame-shift in which the lymphocyte nucleotide sequence contains one more cytidylic acid at that site. Amino acids are identified by single-letter codes. These tests were interpreted on the basis of the structure of the predominantly L-subunit horse spleen apoferritin, in which five a-helical domains (A-E) have been identified by x-ray crystallography (26) .
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Comparison of the amino acid sequences of human L and H subunits suggests conservation of structural features despite the extensive amino acid substitutions. Dayhoffs relatedness test showed that the majority of differences between the ferritins lead to a conservative replacement of amino acids such as phenylalanine to tyrosine (three cases), lysine to arginine (four cases), and leucine to methionine (five cases). A few radical changes occur: tyrosine-23 in L is glutamic acid in H, but a compensatory change is found at position 25 where glutamine in L becomes tyrosine in H; more significantly, leucine-169 in L becomes histidine in H ferritin. This would be expected to alter the properties of the HUMAN LIVER H SUBUNIT hydrophobic channel in which leucine-169 is located in horse spleen ferritin (26) . Fig. 4 (Left) shows the Chou and Fasman analysis for a-helical-forming potential in which the computer-generated peaks representing helical potential in horse spleen ferritin are seen to coincide with the a-helices known from x-ray crystallography to exist in this ferritin. Peaks also appear in analogous positions when human H and L ferritin sequences are compared (Fig. 4 Left). Chou and Fasman analysis for p-turns (Fig. 4 Right) similarly suggests that these occur between, but not within, each helical area, and they are essentially compatible with the profile for horse spleen ferritin. The Kyte and Doolittle test for hydropathy emphasizes regions where such residues are likely to lie exposed on the inner or outer surfaces of the subunit in the intact ferritin shell. This test gave similar patterns for the three subunits, (5), human monocyte-like cell L ferritin (p680.8), and human liver H ferritin (7) . The primary sequences were analyzed using the method of Chou and Fasman (28) to generate profiles for potential to form a-helices (Left) and p-turns (Right). The sequences were scanned for profile with a window spanning either six or four amino acids as indicated at the top of each panel. Hatched areas along each horizontal axis correspond to the a-helices of horse spleen L ferritin identified by x-ray crystallography (24) . Corresponding regions of the human H and L subunits were computer-generated to show areas of higher potential for a-helices and for p-turns as peaks above the horizontal line. Note that the H-subunit sequence of residues is longer than for the L subunit and, in consequence, this amino acid residue scale is compressed in comparison with the L scale. 
DISCUSSION
Ferritins of mammalian tissues so far examined consist of mixtures of L and H subunits of closely related molecular weight. In both the human (3, 4) and the horse (5), the L subunits of ferritin in liver and spleen differ little in amino acid sequence. This is confirmed for the L clone of human ferritin isolated by us from a monocyte-like leukemic cell, which differs by only four amino acid residues from the directly determined sequence of human liver L ferritin (Fig.  4) . On the other hand, the sequence of the human liver H subunit (7) differs substantially from that of our human L clone. Nevertheless, computerized analysis of the human H and L sequences (Fig. 4) shows that most of these amino acid substitutions are conservative, so that the five a-helices of horse spleen L ferritin determined by x-ray crystallography (26) are retained in both H and L human sequences. This suggests that the two species of subunit diverged in evolution from a common ancestral gene, while preserving essential components of three-dimensional structure. The biological advantage of this conservation is that subunits H and L are likely to be structurally compatible in the formation of the apoferritin shell.
Similarity of the three-dimensional structure of the two subunits does not necessarily imply identity of function. In the case of the rat liver, iron is stored more extensively by isoferritins containing mostly L subunits (2) . Iron administration to rats causes preferential synthesis of the L subunit (2), a response attributed to activation of latent messenger present in the cytosol (8) . The occurrence of an identical sequence of 10 nucleotides located at the same position in the 5' untranslated regions of the rat and human L subunits suggests that this may be involved in such a regulatory function that has been conserved throughout evolution. However, as reviewed by Theil (31) , the relationship to iron storage becomes less certain in view of the evidence (32, 33) that H-subunit-rich isoferritins are associated with more extensive iron storage in human tissues. In vitro studies on human leukocytes (34) and other normal and malignant human cell populations (35) show that almost all these cells synthesize more H than L subunits. However, when synthesis of ferritin by lymphocytes and monocytes was stimulated by addition of iron to the medium, the predominant new subunits appeared to belong to the L series.
Finally, the presence of the H and L subunits in the ferritin shell may serve other purposes than those related to efficiency of iron storage. A very acidic isoferritin species rich in H subunits has been identified as the factor produced by leukocytes that is responsible for inhibiting maturation of granulocyte and monocyte precursors; this ferritin may therefore play a role in the regulation of myelopoiesis (13, 36) . Again, it has been suggested (12) that atn increase in serum ferritin occurring during hemodialysis of cases of renal failure may be the cause of their loss of T-lymphocyte activity. It has been shown that ferritin can suppress lymphocyte function associated with cell-mediated immunity, such as the response of lymphocytes to mitogens (10) and their capacity to induce rosette formation in the presence of sheep erythrocytes (11) . The structural correlates of these activities of ferritin remain unknown and could be related to specific variants of subunit sequence or post-translational glycosylation, the latter known to occur in serum ferritin (37 
